Abstract: Amblypygi (whip spiders) are terrestrial chelicerates inhabiting the subtropics and tropics. In morphological and rRNA-based phylogenetic analyses, Amblypygi cluster with Uropygi (whip scorpions) and Araneae (spiders) to form the taxon Tetrapulmonata, but there is controversy regarding the interrelationship of these three taxa. Mitochondrial genomes provide an additional large data set of phylogenetic information (sequences, gene order, RNA secondary structure), but in arachnids, mitochondrial genome data are missing for some of the major orders. In the course of an ongoing project concerning arachnid mitochondrial genomics, we present the first two complete mitochondrial genomes from Amblypygi. Both genomes were found to be typical circular duplex DNA molecules with all 37 genes usually present in bilaterian mitochondrial genomes. In both species, gene order is identical to that of Limulus polyphemus (Xiphosura), which is assumed to reflect the putative arthropod ground pattern. All tRNA gene sequences have the potential to fold into structures that are typical of metazoan mitochondrial tRNAs, except for tRNA-Ala, which lacks the D arm in both amblypygids, suggesting the loss of this feature early in amblypygid evolution. Phylogenetic analysis resulted in weak support for Uropygi being the sister group of Amblypygi.
Introduction
Whip spiders (Amblypygi) are a small order of terrestrial chelicerates common in humid regions of the tropics and subtropics all over the world, with some species also occurring in more temperate to arid regions (Weygoldt 2000) .
Taxonomically, they are divided into two suborders: the Paleoamblypygi are represented by a single extant species, the small (7 mm) and blind Paracharon caecus (Hansen 1921) , and the larger (6-36 mm) Euamblypygi (Weygoldt 1996) comprise four families, 16 genera, and at least 157 described species (Harvey 2002 (Harvey , 2003 (Harvey , 2007 . Amblypygi are bizarre animals owing to their strong and spinous raptorial pedipalps and their thin and multisegmented first walking legs, which serve as sensory and communicatory organs. Thus, amblypygids show functional hexapody. Phylogenetically amblypygids are well characterized as a monophylum by various apomorphies from morphology: a pretarsal depressor muscle without a patella head, a vestigial labrum, large anterior coxal apodemes on all walking legs, divided tibiae, and nearly immovable patellotibial joints owing to the fusion of these two segments (Shultz 1990 ). Based on morphological characters, most arachnologists agree that there is likely a close phylogenetic relationship among Amblypygi, Araneae, and Uropygi (e.g., Weygoldt and Paulus 1979; Shultz 1989 Shultz , 1990 ; Van der Hammen 1989) . This group (Tetrapulmonata, respectively Megoperculata sensu Weygoldt and Paulus 1979) is supported by the existence of two-segmented chelicerae hinged ventrolaterally and an unusual microtubule arrangement in their sperm axonemes. The phylogenetic relationships among these three taxa are more controversial, with two major competing hypotheses. Many authors favour Uropygi as sister group to Amblypygi (''Pedipalpi'' hypothesis) owing to the presence of raptorial pedipalps and antenniform first walking legs in both taxa (Shear et al. 1987; Shultz 1989 Shultz , 1990 Shultz , 1999 Shultz , 2007 . In contrast, a sister group relationship between Amblypygi and Araneae (''Labellata'' hypothesis) is recognized by other authors (Petrunkevitch 1955; Weygoldt and Paulus 1979; Van der Hammen 1989) , with support provided by a postcerebral pharynx and a pedicel in both taxa (Ax 1996) .
The difficulties in evaluating phylogenetic relationships within the Tetrapulmonata based on morphological data are probably caused by homoplasy or reduction of anatomical characters. Controversial results from nuclear sequence data and from combined analyses (Wheeler and Hayashi 1998; Giribet et al. 2002) hint for the need for additional data sets for phylogenetic reconstructions, such as mitochondrial genomes (mt genomes). In animals, these circular doublestranded DNA molecules are about 16 kb long and contain 37 genes plus one AT-rich noncoding region (Wolstenholme 1992; Boore 1999) . In this article, we provide the first two complete mt genome sequences covering two families of the Amblypygi, Damon diadema (Phrynichidae) and Phrynus sp. (Phrynidae). We discuss general features of the genomes, compare inferred secondary structures of tRNAs and rRNAs, nucleotide frequency bias, and codon usage, and provide a phylogenetic analysis of arachnid interrelationships.
Materials and methods

Animals
A specimen of D. diadema was obtained from a commercial source. Species determination was done with the morphological key and in comparison with cox1 sequences according to Prendini et al. (2005) . A gift from M. Hedin of a specimen of Phyrnus sp. that was collected in Baja California, Mexico, was identified using the key provided in Weygoldt (2000) . Total DNA was extracted from one leg by using Qiagen extraction kits (Qiagen, Hilden, Germany) following the manufacturer's protocol.
PCR
The whole mt genome of D. diadema was amplified in two overlapping fragments by using the primer pairs Art-HPK16SA/B (Simon et al. 1994; Kambhampati and Smith 1995) and Art-HPK16Saa/bb (Hwang et al. 2001 ). Longrange PCR with primers Art-HPK16Saa/bb was performed with a Takara LA Taq kit (Takara) in 50 mL volumes (5 mL of buffer, 8 mL of dNTP solution, 0.5 mL of Takara LA Taq, 1 mL of DNA, 1 mL of primer mix (10 mmol/L), 34.5 and mL of water). This yielded a PCR fragment of about 15 kb size. Conserved primers for crustaceans (Yamauchi et al. 2004) were used to amplify smaller mitochondrial fragments from the long PCR product. Successful amplification was performed with primer pairs S1, S2, S5, S7-S11, S13, S15, S24, S25, S29, S30, S35, S36, S42, S46, and S48. Finally, additional primer pairs were designed to amplify larger fragments to bridge the gaps between S13/S15, S15/S24, S25/ S29, S30/S35, S35/S42, and S48/S2 (for primer sequences and annealing temperatures, see Supplementary Table S1 2 ). Secondary PCRs were performed in an Eppendorf Mastercycler and Mastercycler gradient using the Eppendorf 5-primeTaq kit (Eppendorf, Germany) in 50 mL volumes (41.75 mL of molecular-grade water, 5 mL of buffer; 1 mL of dNTP mix (10 mmol/L), 1 mL of template DNA (= 1:100 dilution of the long PCR fragment), 1 mL of primer mix (10 mmol/L each), and 0.25 of mL Taq polymerase). PCR products were visualized on 1% agarose gels and purified using a Bluematrix DNA purification kit (EURx, Gdansk, Poland) . If extra bands were present, a gel extraction was performed following the manufacturer's protocol (Qiagen). The mt genome sequence of Phrynus was amplified with taxon-specific primers (see Supplementary Table S1 2 ), which were designed based on a region of the cob gene that was amplified with the primers CobF and CobR . For details on long PCR amplification, sequencing, and sequence assembly, see Masta and Boore (2008) .
Sequencing and genome assemblage
Sequencing of D. diadema was performed on a CEQ 8000 capillary sequencer using a CEQ DCTS kit (both Beckmann-Coulter). Sequencing reactions were performed in an Eppendorf Mastercycler and Mastercycler gradient. The quality of the sequences was checked with CEQ software. Sequence assembly was performed with BioEdit version 7.0.1. (Hall 1999) . Protein-coding and ribosomal genes were identified by BLAST searches on NCBI databases. To determine boundaries, the sequences were also compared with alignments from other chelicerate species. We assumed the start and ending of the rRNA genes and the control regions to be extended to the boundaries of flanking genes. identified by eye inspection. Genomic position and secondary structure of tRNAs were identified using tRNAscan-SE (Lowe and Eddy 1997) and ARWEN (Laslett and Canbäck 2008) . Secondary structures of the rRNAs were made in comparison with published structure models of the honeybee Apis mellifera (Gillespie et al. 2006) . Complete mt genome sequences were deposited at the NCBI database (GenBank NC_011293/FJ204233 (D. diadema) and NC_010775/ EU520641 (Phrynus sp.)). Nucleotide frequency and relative synonymous codon usage were determined using DAMBE version 4.2.13 (Xia and Xie 2001) .
Phylogenetic analysis
Phylogenetic analysis was performed with concatenated amino acid alignments of 11 protein-coding genes (omitting the shortest and least conserved genes atp8 and nad4L). Sequences were retrieved from the Mitome database (www. mitome.info) (Lee et al. 2008) . Alignments were done with ClustalW (Chenna et al. 2003) under default conditions and in some cases corrected after inspection by eye. Phylogenetic analysis of this data set was performed in two ways. (i) Maximum likelihood analysis with RAxML version 7.0 (Stamatakis et al. 2008 ) was performed using the mtREV+G+I model with data partitions according to the 11 genes. In addition to a search for the best tree, 100 bootstrap replicates were performed making use of the CIPRES Portal web server (www.phylo.org/sub_sections/portal/). (ii) Maximum likelihood analysis with Treefinder version Oct. 2008 (Jobb et al. 2004 ) was performed using the mtART+G+I model with individual optimization of data partitions (according to the 11 genes). Edge support (= an approximation of bootstrapping) was computed with 1000 replicates.
Results and discussion
Genome organization and gene order
Both mt genomes have a typical circular organization with a length of 14 764 bp in Phrynus sp. and 14 786 bp in D. diadema. For both genomes, we identified all 37 genes usually present in bilaterians: 13 protein-coding genes, two genes for rRNA subunits, and 22 tRNA genes ( Fig. 1 ; see Supplementary Tables S2 and S3 2 ). The gene order in both species is identical to that found in the mt genome of the horseshoe crab Limulus polyphemus (Xiphosura), which is thought to represent the putative arthropod ground pattern (Staton et al. 1997; Lavrov et al. 2000) . Between rrnS and trnI, we detected one major noncoding region in the mt genome of both species (see next section). This region has a higher A+T content than the rest of the genome. In vertebrates, a similar region bears signal sequences that initiate H-strand synthesis in replication as well as H-and L-strand transcription (Clayton 1991) and thus is referred to as the ''mitochondrial control region''. Beside the putative control region, only much smaller noncoding sequences occur, extending up to 21 bp (between rrnL and trnV) in Phrynus sp. and 23 bp (between trnS-UGA and nad1) in D. diadema (see Supplementary Tables S2 and S3 2 ) . Both mt genomes show overlap at 11 gene boundaries with up to 20 shared nucleotides (between nad4 and nad4L) in Phrynus sp. and up to 15 nucleotides (between trnH and nad4) in D. diadema ( Fig. 1; see Supplementary Tables S2 and S3 2 ).
Control region
In both amblypygid mt genomes, the largest noncoding sequence (364 bp in D. diadema and 359 bp in Phrynus sp.) is located between rrnS and trnI. The location of the putative control region in invertebrates shows great variability, but in many arthropods showing a conserved mitochondrial gene order, it has the same relative location as in Amblypygi (Wolstenholme 1992; Zhang and Hewitt 1997; Saito et al. 2005) . Part of the putative control region can be folded into stable stem-loop structures owing to inverted repeat sequences. In D. diadema, the stem is composed of 23 paired nucleotides without any mismatches and the loop consists of 15 nucleotides (Fig. 1) . The stem-loop formation in the control region of Phrynus sp. shows a larger loop consisting of 35 nucleotides, and the stem consists of 22 paired nucleotides (one mismatch and a side loop). While their exact function is unclear, inverted repeat sequences often occur in arthropod mitochondrial control regions (Kilpert and Podsiadlowski 2006; Fahrein et al. 2007; and are probably located at or near the replication origin of the L strand (Zhang and Hewitt 1997) . Conserved motifs in the flanking sequences around the stem-loop structure are also found in the two amblypygids: both species exhibit a TATA motif in the 5' flanking sequence whereas a G(A) n T motif only appears in the 3' flanking sequence of Phrynus sp. (Fig. 1) . The latter motif also occurs in the origin of L-strand replication in vertebrates and the plant Petunia hybrida (Zhang et al. 1995) . Both motifs are presumed to play an important role in the initiation of transcription and (or) replication of the mitochondrial genome (Zhang et al. 1995; Zhang and Hewitt 1997) .
Secondary structure of tRNAs
In the mt genomes of both amblypygids, all 22 tRNAs typical for bilaterian mt genomes were found (see Supplementary Fig. S1 2 ). As in many other animals, the inferred secondary structure of tRNA-Ser(AGN) lacks a dihydrouridine stem (Wolstenholme 1992) . While most of the other tRNA genes have inferred secondary structures with a canonical cloverleaf shape, in both Phrynus (Masta and Boore 2008) and Damon (Fig. 1) , tRNA-Ala lacks the dihydrouridine stem. This loss is not shared by other chelicerates but instead is probably a synapomorphy shared by members of Amblypygi.
rRNA genes
Both rRNA genes of Amblypygi have lengths similar to those found in the xiphosuran L. polyphemus. The inferred lengths of the rrnL genes in these two amblypigid taxa are 1218 nucleotides for Phrynus and 1294 nucleotides for Damon, while Limulus possesses an rrnL gene of 1296 nucleotides (Lavrov et al. 2000) . In contrast, the jumping spider Habronattus oregonensis has a considerably shorter rrnL gene, with a length of only 1018 nucleotides (Masta 2000) . Likewise, the inferred sizes for the rrnS genes are similar in the two amblypygids (786 nucleotides in Phrynus and 750 nucleotides in Damon) and in Limulus (799 nucleotides) (Lavrov et al. 2000) . The rrnS gene in Habronattus is much shorter, with a length of only 693 nucleotides (Masta and Boore 2004) . Together, these data suggest that the RNA components of the ribosome became reduced in size in spi- Fig. 1 . Mitochondrial genomes and control region loop secondary structure of Amblypygi. tRNA genes are depicted by their one-letter code abbreviations. Numbers reflect noncoding (positive) or overlapping (negative) nucleotides between two adjacent genes; small arrows indicate the orientation of the genes. Above the circular maps, stem-loop structures found in the largest noncoding part (= the putative control region (CR)) are shown. Small boxes in sequence highlight putative signal motifs. Below the circular maps, plots of inferred secondary structures of tRNA-Ala and tRNA-Ser(AGN) are shown. These are the only tRNAs in Amblypygi lacking the dihydrouridine stem. For all Phrynus sp. tRNAs, see Masta and Boore (2008) , and for all Damon diadema tRNAs, see Supplementary Fig. S1 2 . Dots illustrate the base pairing of the pyrimidine base uracil with the purine base guanine. The depicted animal is Phrynus sp. Fig. 2 . Plot of inferred secondary structure of SSU rRNA (12S) from the mitochondrial genome of Damon diadema. Helix numbering according to Gillespie et al. (2006) . ders after their divergence from their common ancestor with amblypygids and Limulus. Secondary structures of 12S and 16S rRNAs were inferred for D. diadema (Figs. 2 and 3 ). There is much more similarity to the secondary structures proposed for the insect A. mellifera (Gillespie et al. 2006) than to the other published rRNA secondary structure analyses of mites, the chigger mite Leptotrombidium pallidum (Shao et al. 2006 ) and the oribatid mite Steganacarus magnus (Domes et al. 2008 ). The differences in length between Damon and the mites are primarily due to differences in the number of nucleotides that comprise certain helices. In particular, the 5' end of rrnL appears to be truncated in mites such that they have lost helices H183, H235, and H461 whereas these regions are present in Apis and amblypygids. Other differences in size can be attributed to the fact that the helices between H2043 and H2455, which are flanked by highly conserved sequence motifs in all four species, are substantially shorter in mites (115 nucleotides in Steganacarus and 114 nucleotides in Leptotrombidium) than they are in Damon (196 nucleotides) and Apis (187 nucleotides). Likewise, helix H837 of rrnL is shorter in the two mites (36 nucleotides in Steganacarus and 31 nucleotides in Leptotrombidium) than in Damon (55 nucleotides) or in Apis (52 nucleotides). The rrnS gene also exhibits noticeable length differences between Damon and the two mites. This is most apparent in the 5' end and in the helices between H769 and H885. Together, this suggests that amblypygids have retained a ribosome structure that is typical for arthropods but that secondary reductions in helix sizes have occurred in mites and spiders. Further comparative work is necessary to more fully understand the evolution of structural differences among arachnids.
The termination signal for rrnL transcription in animal mitochondria is believed to be the motif TGGCAGA (Valverde et al. 1994) . In insects and crustaceans, this heptamer is located downstream of the large rRNA gene in the tRNA-Leu(CUN) gene, while in vertebrates, it is found within the downstream tRNA-Leu(UUR) gene (Valverde et al. 1994). We find this same motif downstream from the large rRNA genes in both of these amblypygid mt genomes. However, in both amblypygids, an identical motif is located in the tRNA-Leu(UUR) gene, while in Damon, the motif is also present in the tRNA-Leu(CUN) gene. Phrynus possesses a modification of this motif, TGACAGA, in its tRNA-Leu(CUN) gene. We find that amblypygids, Limulus, and Habronattus (Masta 2000) share this same gene location whereby the rrnL termination signal is located within the tRNA-Leu(CUN) gene. It is known that the gene in which the rRNA transcription termination motif is located has changed over evolutionary time (Valverde et al. 1994 ), but we conclude that in amblypygids, the location of the rRNA transcription termination motif represents the ancestral location for chelicerates.
There are alternative models for rrnL termination signals (Cameron and Whiting 2008) , but in our case, we favour the abovementioned model (Valverde et al. 1994) as being more parsimonious owing to the highly conserved motif, its location closer to the boundary rrnL/trnL(CUN), and a comparable situation in other chelicerates.
Protein-coding genes
Except for one gene, in both amblypygids, all of the 13 identified protein-coding genes start with one of the usual start codons for arthropod mtDNA (ATA, ATC, ATG, or ATT). Only cox1 from Phrynus sp. starts with the exceptional codon TTA (see Supplementary Table S3 2 ). Most genes possess the stop codon TAA, except for the single occurrence of the stop codon TAG, which terminates nad4L Fig. 4 . Phylogenetic analysis of arachnid relationships based on mitochondrial sequence data (concatenated amino acid alignment of proteincoding genes). The best tree from RAxML analysis (mtREV+G+I) is shown. Numbers next to nodes reflect bootstrap percentages from RAxML analysis (mtREV+G+I, partitioned optimization, left number) and edge support percentages from Treefinder analysis (mtART+G+I, partitioned optimization, right number). Two asterisks depict maximal support from all three methods. Accession numbers of GenBank entries are given after the species name. Scale bar reflects amino acid substitutions per site.
(see Supplementary Tables S2 and S3 2 ) . Truncated stop codons consisting only of a T or a TA are observed in three genes from Phrynus sp. and five genes from D. diadema. Such incomplete stop codons are also reported from the mt genomes of many animal species and it is assumed that these partial stop codons are completed by post-transcriptional polyadenylation (Ojala et al. 1981) .
Nucleotide frequency and codon usage
In both species, genes coded on the plus strand have a negative GC skew, while genes coded on the minus strand have a positive GC skew (see Supplementary Tables S2 and S3 2 ) . We compared nucleotide frequencies and strand bias among species from Amblypygi, Uropygi, and Araneae (Table 1) . Except for Heptathela, all spiders have a reversed GC skew compared with Amblypygi and Uropygi. Damon is the only species with a slightly positive AT skew (0.102), while all other species considered have a slightly negative one, with the maximal value in Habronattus (-0.113). AT content of the complete genomes is lower in Amblypygi (63.2% in Damon and 67.5% in Phrynus) than in Uropygi and Araneae (69.8%-76%). The reversal in GC skew is also reflected in codon usage. As an example, Table 1 shows the relative synonymous codon usage values for leucine and serine in different arachnids (Amblypygi, Uropygi, and Araneae). In the case of leucine, the most frequently used codon in all cases is UUA, but besides this, in plus-strand-encoded genes, there is UUG second-most often in use in taxa with a positive GC skew, while in taxa with a negative GC skew, it is CUA or CUU that is more often found. Genes encoded on minus strand show a reversed codon usage for leucine. Similar differences in usage of C-and G-containing codons is seen for serine. Genes that are positively GC skewed (plus-strand genes in those taxa with positive GC bias and minus-strand genes in those with negative GC bias) use predominantly AGA (but also UCU), while those genes with a negative GC skew predominantly use UCU, UCC, and UCA codons.
Phylogenetic interrelationships
Gene order is conserved in Amblypygi, so therefore does not help in resolving interrelationships of the Tetrapulmonata. Our phylogenetic analysis of sequence data from mitochondrial protein-coding genes (Fig. 4) weakly supports a sister group relationship of Uropygi and Amblypygi as well as monophyly of Tetrapulmonata. Our result for the interrelationships of the Tetrapulmonata corresponds well to a previous analysis of a similar data set (Masta et al. 2009 ; without data from D. diadema), where some maximum likelihood and Bayesian analyses of amino acid data sets also found support for a clade of Uropygi and Amblypygi, although support varied with the model of evolution and type of analysis performed.
